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Abstract
During Helicobacter pylori (H. pylori) infection CD4+ T cells in the gastric lamina propria are

hyporesponsive and polarized by Th1/Th17 cell responses controlled by Treg cells. We

have previously shown that H. pylori upregulates B7-H1 expression on GEC, which, in turn,

suppress T cell proliferation, effector function, and induce Treg cells in vitro. In this study, we

investigated the underlying mechanisms and the functional relevance of B7-H1 induction by

H. pylori infection to chronic infection. Using H. pylori wild type (WT), cag pathogenicity is-

land (cag PAI-) and cagA- isogenic mutant strains we demonstrated that H. pylori requires
its type 4 secretion system (T4SS) as well as its effector protein CagA and peptidoglycan

(PG) fragments for B7-H1 upregulation on GEC. Our study also showed that H. pylori uses
the p38 MAPK pathway to upregulate B7-H1 expression in GEC. In vivoconfirmation was

obtained when infection of C57BL/6 mice with H. pylori PMSS1 strain, which has a function-

al T4SS delivery system, but not with H. pylori SS1 strain lacking a functional T4SS, led to a

strong upregulation of B7-H1 expression in the gastric mucosa, increased bacterial load, in-

duction of Treg cells in the stomach, increased IL-10 in the serum. Interestingly, B7-H1-/-

mice showed less Treg cells and reduced bacterial loads after infection. These studies dem-

onstrate how H. pylori T4SS components activate the p38 MAPK pathway, upregulate B7-

H1 expression by GEC, and cause Treg cell induction; thus, contribute to establishing a per-

sistent infection characteristic of H. pylori.

Introduction
Helicobacter pylori (H. pylori) is a Gram-negative gastroduodenal pathogen. It infects>50% of
the world’s population and is linked to chronic gastritis, peptic ulcer disease and gastric cancer
(GC) [1–7].H. pylori infection usually occurs in childhood and becomes established as a

PLOSONE | DOI:10.1371/journal.pone.0121841 March 25, 2015 1 / 16

OPEN ACCESS

Citation: Lina TT, Alzahrani S, House J, Yamaoka Y,
Sharpe AH, Rampy BA, et al. (2015) Helicobacter
pylori cag Pathogenicity Island's Role in B7-H1
Induction and Immune Evasion. PLoS ONE 10(3):
e0121841. doi:10.1371/journal.pone.0121841

Academic Editor: Rupesh Chaturvedi, Jawaharlal
Nehru University, INDIA

Received: August 21, 2014

Accepted: February 20, 2015

Published: March 25, 2015

Copyright: © 2015 Lina et al. This is an open access
article distributed under the terms of the Creative
Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper.

Funding: This work was supported by National
Institutes of Health grants AI68712, DK090090-01
and CA127022; American Gastroenterological
Association Research Scholar Award, NIH
1U54RR02614; The University of Texas Medical
Branch Clinical and Translational Sciences Award,
Sealy Endowment and Institute for Human Infection
and Immunity; UTMB Sealy Centre for Vaccine
Development Pre-doctoral Fellowship; McLaughlin
Pre-doctoral Fellowship. The American Cancer
Society RSG-10-159-01-LIB, NIH 8UL1TR000041,

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0121841&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


chronic infection. The persistent infection is a major risk factor in the development of GC, the
second deadliest cancer worldwide. Overall, H. pylori-associated diseases result in considerable
morbidity, mortality and societal costs.

Among the multiple virulence factors expressed byH. pylori, one that is noteworthy is en-
coded within a 40-kilobase chromosomal region known as the cag pathogenicity island (PAI),
which is composed of more than 30 genes that encode for a type 4 secretion system (T4SS).
Also, this island of genes includes the cagA gene that codes for the cytotoxin-associated gene A
(CagA) protein which is the only known effector protein encoded in cag PAI and is a key viru-
lence factor of H. pylori. Epidemiological studies showed that CagA+ H. pylori strains are asso-
ciated with an increased risk of GC compared to strains of H. pylori lacking CagA [3,8,9]. The
CagA protein is translocated into gastric epithelial cells (GECs) via theH. pylori T4SS [10,11]
and once inside GECs the tyrosine residue at specific C-terminal Glu-Pro-Ile-Tyr-Ala (EPIYA)
motif of CagA is phosphorylated [12,13]. The activated CagA interacts with several intracellu-
lar signaling mediators, mainly in the tyrosine phosphorylated mode [12,13], and activates
some important signaling pathways to manipulate host immune regulation and deregulate
GECs homeostasis for their survival [14,15]. In addition to CagA effector protein, T4SS also de-
livers H. pylori peptidoglycan (PG) cell wall fragments into host cells, which are recognized by
the intracytoplasmic pattern-recognition receptor (PRR) nucleotide-binding oligomerization
domain containing 1 (NOD1). The sensing ofH. pylori PG by NOD1 activates NFκB and
mitogen-activated protein kinases (MAPKs) and plays an important role in IL-8 production
and pathogenesis [16–18].

Though the host mounts an immune response against H. pylori, it is inadequate to clear the
infection. CD4+ Th cells are major effector cells in the immune responses toH. pylori. Al-
though the numbers of CD4+ T cells in the gastric lamina propria with a memory phenotype
increase during H. pylori infection, these T cells are hyporesponsive [19]. Because this hypore-
sponsiveness contributes to chronicity, there have been targeted efforts to understand the
mechanisms employed byH. pylori to downregulate T cell responses. One mechanism involves
theH. pylori vacuolating toxin A (VacA), which interferes with T cell function by downregulat-
ing IL-2 production, IL-2 receptor expression and T cell proliferation [20].H. pylori also ma-
nipulate T cell function by eliciting regulatory T cells (Treg) which are frequently found inH.
pylori-infected patients [21,22]. Because of their suppressive effect on T effector cells, Treg cells
further assist in the chronicity of infection. Although H. pylori’s T4SS importance in virulence
is recognized because of its multiple effects on GECs, its role in modulating T cell function dur-
ingH. pylori infection has not been well investigated.

Professional antigen presenting cells (APCs), such as dendritic cells and macrophages, are
important in the regulation of the immune responses against H. pylori [23]. GECs are a major
target for H. pylori infection and may function locally as APCs; however, their contribution to
the response to H. pylori remains understudied. We have previously shown that GECs express
cytokines and receptors that influence the T cell responses during H. pylori infection [24,25].
H. pylori can also use GECs as a fulcrum to inhibit T cell proliferation and cause Treg cell induc-
tion from naïve T cells by inducing increased expression of the T cell co-inhibitory molecule
B7-H1 on GEC [24,25]. B7-H1, also known as programmed death-1 ligand 1 (PD-L1), interacts
with programmed death-1 (PD-1) receptor and causes downregulation of T cell activation. The
mechanism that is used byH. pylori to increase B7-H1 molecule expression on GECs is un-
known. In this study we investigated by using in vitro and in vivo systems the role of H. pylori
T4SS and two mediators, CagA and PG, translocated into GECs in their increased expression
of B7-H1. As both CagA and PG can activate several cell signaling pathways, we also investigat-
ed the cell signaling pathways involved in B7-H1 upregulation byH. pylori. Our results showed
thatH. pylori uses the p38 MAPK pathway to upregulate B7-H1 expression in GEC. Our data
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also highlighted the in vivo correlation of the presence of functional T4SS delivery system and
B7-H1 upregulation with induction of Treg cells inH. pylori infected mice.

Materials and Methods

Ethics Statement
All mice were kept under pathogen-free conditions, housed in polycarbonate cages on ventilat-
ed shelves, with food and water ad libitum. The experiments were performed according to an
Institutional Animal Care and Use Committee (IACUC) approved protocol (# 0709046A).
Feces from sentinel mice housed in the same room were routinely tested by PCR for murine
pathogens, including pinworms, mouse parvovirus and consistently tested negative for each of
these infections.

Cell lines and bacterial cultures
Human GECs N87 and AGS were obtained from the American Type Culture Collection
(ATCC) and the GEC line HGC-27 was obtained from RIKEN, The Institute of Physical and
Chemical Research, Japan. These cell lines were maintained in RPMI 1640 with 10% fetal bo-
vine serum (FBS) and 2 mM L-glutamine. Immortomouse stomach epithelium (ImSt) cells
were derived from C57/Bl6 and were maintained in media as described by Whitehead et al.
[26]. H. pylori strains 51B and 26695 as well as their corresponding isogenic cagA and cag
PAI mutants were described previously [27,28]. H. pylori strains were grown on tryptic soy
agar (TSA) plates supplemented with 5% sheep’s blood (Becton Dickinson, San Jose, CA) or
on blood agar plates with 2.5 μg/ml of chloramphenicol (Technova, Hollister, CA) to main-
tain cagA- [28] and cag PAI- strains at 37°C under microaerophilic conditions. H. pylori
strain Sydney strain 1 (SS1) and PM-SS1 (pre-mouse SS1) [29] were used to infect mice.
These strains were provided by Drs. J. Pappo (Astra) and Richard Peek (Vanderbilt
Univ.), respectively.

Animals
Female C57BL/6 mice were purchased from the Jackson Laboratory (Bar Harbor, ME).
B7-H1-/- mice [30] in C57BL/6 background were obtained from Dr. Arlene H. Sharpe (Harvard
Medical School, Boston). Animals were tested negative for the intestinal Helicobacter spp. prior
to their use in the experiments. Six-to-eight week old mice were used in the model of gastricH.
pylori infection.

Antibodies and cell signaling inhibitors
PECγ7-conjugated anti-human B7-H1 (clone M1H1), APC-conjugated anti-murine
epithelial cell marker EpCAM (clone G8.8) and their isotype controls were purchased from
eBioscience. Brilliant violet-conjugated B7-H1 (clone 10F.9G2) and the corresponding iso-
type control were purchased from Biolegend. The viability dye eFluor 780 (eBioscience, San
Diego, CA, USA) was included in the experiments to control cell viability. For cell signaling
inhibition the following inhibitors were used: CAY10512 (10 μM; Cayman chemical), AG-
490 (100 ng/mL; Enzo Life Sciences, Farmingdale, NY), Wortmannin (100 nM; Calbiochem,
Billerica, MA), and PD169316 (10 μM/mL; Cayman chemical, MI). PG-like molecule-NOD1
ligand-iEDAP (InvivoGen, San Diego, USA) was used to investigate the role of PG in
B7-H1 expression.
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Infection of GEC with H. pylori
Before infecting the GEC with H. pylori, GEC were washed and their media replaced with anti-
biotic-free medium. The bacteria were resuspended in RPMI 1640 medium and used at a cell:
bacteria ratio of 1:10.

Flow cytometry
Flow cytometry was used for surface staining of B7-H1 on cultured GEC lines. Samples were
collected after 24-h of incubation with the bacteria or after 12-h, 24-h and 48-h incubation to
examine the kinetics of B7-H1 expression after iEDAP treatment. Prior to performing flow cy-
tometry, cells were harvested, counted, their concentration/tube adjusted (106 cells), washed
and pre-incubated with normal mouse serum for 15 minute in ice. Cells were washed again
and incubated with the corresponding conjugated antibodies or with isotype controls for 30
min in ice. After immunostaining the cells were washed twice with PBS and fixed with parafor-
maldehyde (1% in PBS). Cells were analyzed by flow cytometry on a LSRII instrument, where
at least 104 live events were analyzed on cultured human GEC and 105 cells isolated from mu-
rine stomach in order to get 90% interval of confidence. The data were analyzed with BD
FACSDiva software (BD Biosciences, San Jose, CA) and FlowJo (Tree Star, Inc, Ashland, OR).

Real-Time RT-PCR
Real-time RT-PCR analysis was performed as previously described [28]. Briefly, RT real-time
PCR was done according to the Applied Biosystems’s two-step RT real time PCR protocol (Ap-
plied Biosystems, Foster City, CA). The appropriate assays-on-demandTM gene expression
assay mix for human 18S and B7-H1 (a 20X mix of unlabeled PCR primers and TaqMan MGB
probe, FAMTM dye-labeled) and 2 μL of cDNA were added to the PCR reaction step. The reac-
tions were carried out in a final volume of 20 μL using BioRad’s Q5 real-time PCR machine.
The cycling parameters were as follows:2 min at 50°C, 10 min at 95°C (1 cycle) and 15 sec 95°C
and one min at 60°C (40 cycles).

NOD1 siRNA transfection
To knockdown NOD1 in GEC, the cells were transfected with siRNA for NOD1 by using the
basic nucleofection kit for epithelial cells (Amaxa Biosystems, Gaithersburg, MD) according to
the manufacturer’s instructions with a cocktail of 0.2 μM of siRNA or a negative control siRNA
(Santa cruz Biotechnology, INC). For N87 cells, program T-005 was used. Knockdown of ex-
pression of NOD1 was verified by real time-RT-PCR.

Murine infection and detection of B7-H1 expression, IL-10 production,
FoxP3 expression, bacterial load and histopathology
C57BL/6 mice were orogastrically inoculated with 108 CFU (in 100 μL of PBS/inoculation) of
H. pylori SS1 or PMSS1 strains, three times within a week. Four weeks later sera were collected
as the mice were euthanized and stomachs were removed. Stomachs were dissected longitudi-
nally in 2–4 pieces. Stomach tissue was digested, GECs were isolated and used for immunos-
taining followed by flow cytometry analysis as we previously described [28].

Sera collected from H. pylori infected mice were examined for IL-10 using Luminex array
(Millipore, Billerica, MA, USA) according to the manufacturer’s instructions. Samples were an-
alyzed using Bio-Plex Manager software (Bio-Rad). After homogenization of mouse stomach
tissue, mRNA was isolated and expression of IL-10 and FoxP3 were determined using
RT-PCR.
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Murine gastric tissue was homogenized and DNA was extracted using DNeasy Blood and
Tissue Kit (Qiagen, Valencia, CA). After purification, the extracted DNA was used for the de-
tection of H. pylori DNA by real time PCR using a protocol originally described by Rouessel et.
al. [31]. RT-PCR for H. pylori 16S gene expression and bacterial quantification was performed
as described previously [28]. For histopathology analysis one longitudinal strip of stomach was
placed in 10% normal buffered formalin for 24-h at 4°C, transferred into 70% ethanol solution
the next day, and stored at 4°C. Tissue was then embedded in paraffin and processed by H&E
staining. The corresponding tissue sections were then evaluated and scored by a pathologist.
Briefly, histopathologic grading was performed using visual analogue scales (mononuclear cells
and neutrophils) derived from the Updated Sydney System classification of gastritis [32].

Statistical analysis
Unless otherwise indicated, the results were expressed as the mean ± SE of data obtained from
at least three independent experiments done with triplicate sets per each experiment. Differ-
ences between means were evaluated by analysis of variance (ANOVA) using student t test for
multiple comparisons and considered significant if p was<0.05.

Results

H. pylori uses its T4SS to upregulate B7-H1 expression in GEC
We previously showed using gastric biopsy samples fromH. pylori-infected and uninfected
subjects as well as different human GEC lines thatH. pylori infection causes upregulation of
B7-H1 expression by GEC. This increased expression of B7-H1 contributes to the inhibition of
T cell proliferation and IL-2 production [24]. Interestingly, this increased B7-H1 expression by
GECs was also noted to induce Treg cells in vitro [25]. These responses are important contribu-
tors to the chronicity of H. pylori infection. Herein, we sought to determine the underlying
mechanisms leading to B7-H1 upregulation byH. pylori. As theH. pylori cag PAI encoded
T4SS is important in delivering bacterial products (i.e., CagA) that alter multiple properties of
the gastric epithelium, we hypothesized that this virulence factor could influence B7-H1 upre-
gulation. To test this hypothesis, we infected the human GEC lines (AGS, N87 and HGC-27
cells) with H. pylori 51B wild type (WT) strain which has an intact cag PAI and with an isogen-
ic mutant strain lacking the cag PAI, H. pylori 51B cag PAI-. Our flow cytometry results showed
that while the H. pyloriWT strain caused a significant upregulation of B7-H1 expression in
GECs, the mutant strain lacking cag PAI failed to upregulate B7-H1 expression (Fig 1A), which
suggests a cag PAI-dependent upregulation of B7-H1 expression byH. pylori. Similar data were
obtained with a different set of WT and cag PAI- strains (H. pylori 26695). All experiments in
vitro were performed with the three human GEC lines listed earlier to confirm that the results
were consistent and not cell line-dependent.

H. pylori T4SS translocated products CagA and PG both plays
significant role in B7-H1 upregulation
H. pylori uses its T4SS to translocate into GECs the effector protein CagA and cell wall PG frag-
ments [17,33], and each of these bacterial products has the ability to influence cell signaling
pathways, pathogenesis and modulation of the physiology of GEC [17,34]. As our data showed,
H. pylorimediated upregulation of B7-H1 depends on the presence of T4SS. To dissect the role
of T4SS components in B7-H1 upregulation we investigated the role of T4SS translocated
CagA and PG fragments on B7-H1 increased expression. To examine whether CagA plays a
role in B7-H1 upregulation we infected human AGS cells withH. pylori 51B cagA+ (WT) and a
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cagA- strain and assessed B7-H1 mRNA expression using real time RT-PCR. Fig 1B indicates
more than a two-fold increase of B7-H1 mRNA expression from cells infected with H. pylori
WT strain over the levels for untreated controls after 2-h of infection. In contrast, the H. pylori
cagA- strain did not affect B7-H1 mRNA expression. Our flow cytometry data also showed that
H. pylori 51B cagA+ strains induced significant upregulation of B7-H1 expression on the sur-
face of AGS cells compared to AGS infected with a cagA- mutant strain (Fig 1C). Similar data
were obtained with the GEC lines N87 and HGC-27 and H. pylori 26695 WT and its isogenic
cagA- mutant strains. These results further confirm thatH. pylori bacteria use CagA protein for
the upregulation of B7-H1 expression. As our data showed a partial dependence ofH. pylori on
CagA for B7-H1 upregulation, suggesting involvement of other components in this process, we
also examined the role of PG in B7-H1 upregulation by GEC. GEC (AGS) stimulated with the
synthetic PG analogue, iEDAP, that is a NOD1 ligand, had more than two fold upregulation of
B7-H1 mRNA expression within two hours of incubation (Fig 2A). These results were con-
firmed by using an independent method to examine surface expression of the B7-H1 protein
by flow cytometry. Our flow cytometry showed significant upregulation of B7-H1 expression
on the surface of GECs after iEDAP stimulation (Fig 2B). We further confirmed our finding by
inhibiting NOD1 expression by GECs by using siRNA nucleofection and examined B7-H1 ex-
pression after stimulating GECs with iEDAP. iEDAP stimulation failed to upregulate B7-H1
expression in GECs in which NOD1 expression was silenced (Fig 2C). Similar data were ob-
tained with other GEC lines (N87 and HGC-27). Taken together, our data suggest thatH. pylo-
ri uses T4SS delivered components CagA and PG to upregulate the T cell co-inhibitory
molecule B7-H1 on GEC.

Dose response and kinetics of PG mediated B7-H1 upregulation
To understand the involvement of PG in B7-H1 upregulation we examined the dose response
and the kinetics of the response. To determine the dose response, GEC (AGS) were treated

Fig 1. H. pylori uses T4SS to upregulate B7-H1 expression in GEC. (A) AGS, N87 and HGC-27 cells were
infected withH. pylori 51BWT or 51B cag PAI- strains at 10:1H. pylori:GEC ratio for 24-h and B7-H1
expressed was measured by immunostaining followed by flow cytometry. (B) B7-H1 mRNA expression was
analyzed using real-time quantitative RT-PCR in AGS cells. RNA was isolated from untreated and 2-hH.
pylori 51B cagA+ and cagA- infected GEC. mRNA level for B7-H1 was normalized to 18S rRNA and
compared to the level of B7-H1 mRNA of untreated AGS cells (N = 9,* P<. 05). (C) Flow cytometry was done
to measure B7-H1 expression on (C) AGS cells after 24-h infection with H. pylori 51B cagA+ wild type (WT)
and cagA-mutant strain. The data expressed as a percent positive cells. Isotype control value was
subtracted from the data presented. N = 8,*P< 0.05, ** P< 0.01 and *** P< 0.001.

doi:10.1371/journal.pone.0121841.g001
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with ten-fold different concentrations of iEDAP and B7-H1 expression was analyzed by flow
cytometry. The lowest concentration of iEDAP which elicited a significant upregulation of
B7-H1 was 10 μg/ml, but it did not change much by increasing it to 100 μg/ml iEDAP as the re-
sponse was similar to that with 10 μg/ml iEDAP (Fig 3A). Similar data were obtained with
other GEC lines (N87 and HGC-27). Since 10 μg/ml iEDAP appeared to be optimal for the
upregulation of B7-H1 in GEC, we used this concentration of iEDAP to examine the kinetics of
the response. Both AGS and N87 (data not shown for N87 cells) cell lines, showed a progressive
increase of B7-H1 expression detected as early as 12-h after stimulation with iEDAP and peak-
ed at 24-h and stayed at the same level at 48-h (Fig 3B). However, HGC-27 cells showed a de-
crease at 48-h incubation (Fig 3C).

B7-H1 upregulation in GEC involves the p38 MAPK pathway
CagA can activate several important cell signaling pathways including NFκB, MAPK, STAT3,
and PI3K and cause proinflammatory cytokine production and modulation of GEC homeosta-
sis [11,35–37]. PG fragments released byH. pylori and other gram negative bacteria are recog-
nized by the intracellular NOD1 receptors and cause activation of NFκB and MAPK pathways

Fig 2. Recognition of PG by NOD1 causes induction of B7-H1 expression by GEC. (A) B7-H1 mRNA
expression was analyzed using real-time quantitative RT-PCR in AGS cells. RNA was isolated from
untreated and 2-h iEDAP (dipeptide present in PG) treated (10 μg/mL) cells. mRNA level for B7-H1 was
normalized to 18S and compared to the level of B7-H1 mRNA of untreated AGS cells. N = 9, *P< 0.05. (B)
Flow cytometry analysis of AGS cells stained for B7-H1 after exposure to 10 μg/mL iEDAP for 24-h showed
increased expression in a representative histogram for AGS cells where the solid peak is the isotype control
and (C) GECs were treated with NOD1 siRNA to knockdown NOD1 or with control siRNA and B7-H1
expression was analyzed by flow cytometry after iEDAP (10 μg/mL) stimulation. The means are shown as the
results of duplicates in four experiments, n = 8,*P< 0.05.

doi:10.1371/journal.pone.0121841.g002
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[38]. Since our study showed a role for both CagA and PG in B7-H1 expression, we investigat-
ed the underlying cell signaling pathways used by theseH. pylorimediators that could influence
the modulation of B7-H1 expression. To that end, we used different pharmacological inhibitors
directed against NFκB (CAY10512), p38 MAPK (PD169316), STAT3 (AG-490) and PI3K
(wortmannin) pathways, which are known to be activated byH. pylori [12,35, 39–42]. Inhibi-
tion of NFκB, STAT3 and PI3K pathways had no effect on B7-H1 upregulation byH. pylori
(Fig 4A); however, treating GECs with an inhibitor of the p38 MAPK pathway inhibited H. py-
lorimediated upregulation of B7-H1 expression (Fig 4B). These results suggest thatH. pylori
uses the p38 MAPK pathway to modulate B7-H1 expression in GEC.

Upregulation of B7-H1 and induction of Treg cells during murine H. pylori
infection depends on T4SS
In order to confirm the role of H. pylori T4SS in B7-H1 increased expression in vivo, we used
the mouse model of infection in our study. Prior to using the in vivomodel of infection, we
sought to determine whether murine GECs express B7-H1 and whether their expression of
B7-H1 is modulated byH. pylori infection. Thus, we used the ImSt murine gastric epithelial
cell line and infected the cells withH. pylori PMSS1 strain, which is CagA+ and has functional
T4SS. Using differentH. pylori PMSS1: ImSt cell ratios (1:1, 10:1, 30:1) we showed that

Fig 3. Kinetics and dose response of PGmediated B7-H1 upregulation. (A) Flow cytometry was done to
measure B7-H1 expression on AGS cells after treating the cells with different concentrations (1 μg/ml, 10 μg/
ml and 100 μg/ml) of iEDAP for 24-h. (B) AGS and (C) HGC-27 cells expressing B7-H1 at different time points
after iEDAP treatment. B7-H1 expression was assayed by flow cytometry. The data expressed as mean
fluorescence intensity (MFI). Isotype control value was subtracted from the presented data. The means ± SD
are shown as the results of duplicates in four experiments, n = 8, * P< 0.05, ** P< 0.01 and *** P< 0.001.

doi:10.1371/journal.pone.0121841.g003

Fig 4. B7-H1 upregulation byH. pylori depends on p38 MAPK pathway. B7-H1 expression on N87 cells
was measured by flow cytometry after treating the cells with (A) STAT3 inhibitor (AG-490), PI3K inhibitor
(Wortmannin), NFκB inhibitor (CAY10512) and (B) p38 MAPK inhibitor (PD169316 10 μM/ml) for 1-h and
infected withH. pylori for 24-h. The means ± SD are shown as the results of duplicates in four experiments,
n = 8, * P< 0.05, ** P< 0.01 and *** P< 0.001.

doi:10.1371/journal.pone.0121841.g004
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infection with this strain causes a significant increase of B7-H1 expression in murine GECs
and the response is dose dependent (Fig 5A). Since our studies with human GEC showed in-
volvement of CagA and PG in B7-H1 upregulation, we investigated the role of these compo-
nents in the upregulation of B7-H1 by murine GECs by infecting ImSt cells with H. pylori
PMSS1 strain, which showed significant upregulation of B7-H1 expression by flow cytometry,
in parallel with ImSt cells infected with theH. pylori SS1 strain, whose T4SS is defective [43]
and was found to be less effective at increasing of B7-H1 (Fig 5B). We also used these strains to
infect human GEC (N87) and found significant induction of B7-H1 with PMSS1 infection but
not with SS1 infection (See supplementary information for the data). These results were further
validated in vivo since GECs isolated from H. pylori PMSS1-infected mice showed significant
upregulation of B7-H1 expression after four weeks of infection compared to control mock-in-
fected mice while GECs isolated from theH. pylori SS1-infected mice showed minimal increase
in B7-H1 expression (Fig 5C).

To investigate the role of B7-H1 in the induction of Treg cells in vivo we examined the Treg

cell population in WT and B7-H1-/- mice infected with PMSS1 and SS1 strains after four weeks
of infection. Serum cytokine analysis demonstrated that, in contrast to SS1-infected mice,
PMSS1-infected mice have increased levels of IL-10, a cytokine that is associated with Treg cell
function (Fig 6A). The Treg cell cytokine IL-10 and transcription factor FoxP3 mRNA expres-
sion were also higher in both WT and B7-H1-/-mice infected with PMSS1 compared to SS1-in-
fected mouse. However, PMSS1 infected B7-H1-/- mice had lower expression of IL-10 and
FoxP3 mRNA in their stomachs compared to the WT mice (Fig 6B and 6C). Analysis of bacte-
rial loads in the stomachs showed increased bacterial loads in PMSS1 infected mice compared
to SS1 infected mice and significantly reduced bacterial loads in the B7-H1-/- mice compared to
WT mice (Fig 6D). To investigate the functional relevance of the B7-H1 mediated increased
Treg cell response, gastric inflammatory response was analyzed after 4 weeks of infection. An
early sign of chronic inflammation is the infiltration of mononuclear cells and eosinophils. A
very scarce gastric infiltration of these cells could be observed inH. pylori PMSS1 infected mice
compared to the SS1 infected mice (Fig 7). Interestingly, the B7-H1-/- mice also showed in-
creased presence of eosinophils compared to the WT mice. However, the observed differences
did not reach statistically significant levels at the time that mice were examined. Taken together
our in vivo data correlated with our in vitro data and showed thatH. pylori T4SS and its ability
to translocate CagA and PG play an important role in upregulating T cell co-inhibitory

Fig 5. B7-H1 expression in mouse GEC and in vivomodel depends onH. pylori T4SS. (A) ImSt cells
infected with different ratio of H. pylori PMSS1:ImSt (1:1. 10:1, 30:1) for 24-h showed dose dependent
upregulation of B7-H1 when analyzed by flow cytomery. (B) ImSt cells infected with PMSS1 strain (contains
functional T4SS) showed higher expression of B7-H1 compared with cells infected with SS1 strain (lacks
functional T4SS) as analyzed by flow cytometry. (C) C57BL/6 mice were challenged withH. pylori strain
PMSS1, or withH. pylori SS1. Gastric mononuclear cells were isolated four weeks after H. pylori challenge
using enzymatic digestion and level of the B7-H1 expressing epithelial cells (EpCam+) in the gastric mucosa
from the cells was measured by flow cytometry.

doi:10.1371/journal.pone.0121841.g005
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molecule B7-H1 on GEC, which in turn promotes induction of a Treg cell type of anti-inflam-
matory response and aids in bacterial persistence.

Discussion
H. pylori persistently colonizes the human stomach and elicits both humoral and cellular im-
mune responses [44–46]. However, these immune responses do not clear the bacteria.
CD4+CD25hi FoxP3+ regulatory T cells (Treg) are present in higher numbers in the gastric mu-
cosa of H. pylori-infected persons and play an important role in regulating the inflammatory
response and inhibiting bacterial clearance [22,47]. Previously, we showed that H. pylori upre-
gulates the expression of the T cell co-inhibitory molecule B7-H1 by human GEC, which in
turn inhibit T cell proliferation [24] and cause induction of Treg cells [25]. However, the mech-
anisms wherebyH. pylori upregulate B7-H1 were unknown and could represent important tar-
gets in vaccine design. Using human GEC in an in vitromodel complemented with an in vivo
mouse model of infection which included both WT and B7-H1-/- mice, we showed thatH. pylo-
ri uses T4SS to translocate the effector protein CagA and PG cell wall fragments to upregulate
B7-H1 expression by GECs. This increased expression of B7-H1 by GEC promotes the expan-
sion of Treg cells which may foster bacterial persistence. Our study also explored the underlying
cell signaling pathways involved in this mechanism and showed thatH. pylori uses the p38
MAPK pathway for the upregulation of B7-H1 expression.

B7-H1 (PD-L1) is a member of the B7 family which interacts with its putative receptor PD-1
and plays an important role in cell-mediated immune responses [48,49]. B7-H1/PD-1-mediated
signaling plays a significant role in the regulation of T cell activation, tolerance, inhibition of T
cell function and survival [50,51]. Our group initially demostrated thatH. pylori upregulates

Fig 6. H. pylori uses its T4SS for Treg cell induction and bacterial persistence.WT and B7-H1-/- C57BL/6
mice were challenged withH. pylori strain PMSS1, or with H. pylori SS1. Mice were sacrificed after 4 weeks
of infection. (A) Blood were collected and IL-10 was analyzed using luminex bead array. Data represents as
mean ± SD (n = 12); *P<. 05. Expression of (B) IL-10 and (C) FoxP3 mRNA in the mouse stomach was done
by RT-PCR. (D) Infection rate was determined by quantification of H. pylori genome copy per half of antrum
based on the analysis of H. pylori 16S gene amplification by real time PCR. Average bar of infection rate were
calculated from five mice per group and demonstrated as a mean ± SD.

doi:10.1371/journal.pone.0121841.g006
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B7-H1 in GEC [24]. Subsequent independent studies have confirmed that this pathway is tar-
geted by various pathogens as it was noted that upregulation of B7-H1 occurs during gram-
negative bacteria Porphyromonous gingivalis in oral squamous carcinoma cells and also hepatitis
B virus-infected myeloid dendritic cells have been reported to increase B7-H1 [52,53]. SinceH.
pylori T4SS has been shown to play an important role in inflammation, pathogenesis and im-
mune evasion mechanisms duringH. pylori infection [34], we investigated its role in B7-H1
upregulation. First usingH. pyloriWT, cag PAI- and cagA- mutant strains we showed that the
upregulation of B7-H1 byH. pylori depends on the presence of T4SS and its effector protein
CagA. Though in our initial studies we did not reveal a significant difference in B7-H1 expression
levels in GEC infected withH. pyloriWT and cag PAI mutant strain, this time using several
GECs and infecting them withH. pylori clinical strain and its corresponding mutant we showed
thatH. pylori cag PAI and its effector protein CagA play an important role in upregulating
B7-H1 at both the mRNA and protein levels. The previous attempt to determine the role ofH.
pylori T4SS in B7-H1 upregulation may not have revealed differences between wild type and
cagAmutants in B7-H1 induction due to differences in the growth kinetics of theWT and mu-
tant strains, which had not been studied. This time we studied the growth kinetics of the mutants
and the corresponding parental strains and infected the GEC with the same CFU of the mutant
and parental strains.

Our data also showed thatH. pylori-mediated B7-H1 upregulation was only partially depen-
dent on CagA injection. This suggested that other components of T4SS are also involved in this
mechanism. Previous studies highlighted the importance ofH. pylori T4SS secreted component
PG in activation of MAPK and NFκB pathway and induction of inflammation [16]. Though

Fig 7. H. pylori T4SS-mediated B7-H1 and Treg cell induction correlates with reduced gastric
inflammation.WT and B7-H1-/- C57BL/6 mice were infected with H. pylori strain PMSS1 or with H. pylori
SS1. After 4 weeks of infection mice were sacrificed and histopathology was done in stomach tissue (H&E
20X) and evaluated by a pathologist blinded to the origin of the murine specimens.

doi:10.1371/journal.pone.0121841.g007
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recognition of PG by NOD1 is considered as important for host defense [17], the activation of
these signaling pathways and production of IL-1β links them to the pathogenesis of several in-
flammatory diseases [37]. A recent study showed thatH. pylori uses its HP310 protein for PG
N-deacetylation which contribute toH. pylori’s survival in the host [54]. In this study we
looked at the role of H. pylori PG in B7-H1 expression. Our flow cytometry and RT-PCR data
clearly showed thatH. pylori PG plays an important role in the upregulation of B7-H1 in GEC.
By silencing NOD1 expression in GEC using siRNA nucleofection, we confirmed that recogni-
tion of PG by NOD1 contributes to this modulation of B7-H1 byH. pylori. To our knowledge,
this is the first report showing the ability of H. pylori PG in modulating the immunoregulatory
properties of GEC, specifically in contributing to inhibition of host T cell function.

AsH. pylorimediated activation of host cell signaling pathways plays an important role in
changing the homeostasis of GEC, which is very important for regulation of local T cell re-
sponses, we also determined the cell signaling pathways used byH. pylori to modulate B7-H1
expression in GEC.We focused on the cell signaling pathways that are known to be activated by
H. pylori T4SS, e.g. NFκB, STAT3, MAPK and PI3K pathways [12,35,39–42]. Previous reports
have highlighted the fact thatH. pylori activates STAT3 to modulate host immune responses
[14,36]. A recent study showed that CagA-dependent IL-8 mRNA induction also partially de-
pends on STAT3. In that study,H. pylori CagA was reported to increase the bacterial lectin re-
generating islet-derived (REG)3γ expression in GECs via activation of the STAT3 pathway,
which allowsH. pylori to manipulate host immunity to favor its own survival in the gastric envi-
ronment [36]. MAP kinase activation is required forH. pylori IL-8 production [55]. MAPKs
also regulate cell proliferation, differentiation, programmed death, stress, and inflammatory re-
sponses [56]. These observations suggest that through the activation of these pathways,H. pylori
T4SS manipulates host immune regulation and deregulates gastric epithelial homeostasis for
their survival. Using cell signaling inhibitors we showed thatH. pylori uses p38 MAPK pathway
to upregulate B7-H1 expression in GEC, since treating cells with the MAPK p38 inhibitor
PD169316 prior to infecting the GEC withH. pylori inhibited B7-H1 induction by the pathogen.
Thus our study showed another novel mechanism whereH. pylori uses host cell signaling path-
ways to change the properties of GEC and thus makes a safer environment for bacterial survival.

The role of T4SS was further confirmed in a murine GEC line and in vivo using a mouse
model of infection. Infection with the H. pylori PMSS1 strain, which contains a functional
T4SS and can deliver CagA and PG into GEC, showed upregulation of B7-H1 molecule in both
murine GEC line (ImSt) and also in the mouse model. However, H. pylori SS1 strain which
lacks this delivery system failed to upregulate B7-H1 in both ImSt murine epithelial cells and in
GEC isolated from infected murine gastric mucosa. Taken together our in vitro and in vivo
data confirmed thatH. pylori uses its T4SS component CagA and PG to increase T cell–coinhi-
bitory molecule B7-H1 on GEC which plays an important role in controlling T cell activation.

H. pylori infected patients have increased numbers of Treg cells (CD4
+ CD25high FoxP3+) in

their gastric mucosa [47]. Though Treg cells are important for suppressing overall T cell response
during infection and cancer, they also inhibit protective effector T cell activity by producing anti-
inflammatory cytokines IL-10 and TGF-β [57,58]. Treg cells also inhibit memory T cell response
in the periphery [22]. A previous study showed that vascular endothelial cells that can function
as non-professional APC promoting the generation of Treg cells from naïve CD4+ T cells in a
B7-H1 dependent manner. Tregs cause inhibition of T cell proliferation and this process depends
on B7-H1 [59]. Francisco LM et al., used B7-H1-/- APC to show that B7-H1 regulates Treg cell
development from naïve CD4+ T cells [60]. Previously by co-culturingH. pylori-infected GEC
with naïve T cells our lab showed thatH. pylori-mediated induction of B7-H1 co-related with in-
duction of Treg cell development from naïve T cells [25]. In the present study, we validated these
findings in vivo and also determined the bacterial virulence factor involved in this mechanism.
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Our study showed that mice infected withH. pylori PMSS1 strain have increased levels of circu-
lating IL-10, an important mediator of Treg cell function and increased Treg cell transcription fac-
tor FoxP3 mRNA expression in their stomachs after four weeks of infection. In contrast,
infection with SS1 strain, which lacks a functional T4SS, failed to upregulate IL-10 production
and FoxP3 expression. IL-10 produced by Treg cells is critical for their function as FoxP3

+ T cells
lacking IL-10 are unable to suppress the development of gastritis and colitis [61]. In addition, by
using B7-H1-/- mice we showed thatH. pylori uses B7-H1 to foster Treg cell development since
the B7-H1-/- mice infected withH. pylori had reduced Treg cell numbers compared to the WT
mice. Although we observed a trend in the increase on inflammatory cells within the gastric mu-
cosa ofH. pylori-infected B7-H1-/- mice compared to similarly infected wild type mice, it did not
reach statistical significance at the time that we examined. Further investigation is needed to de-
termine whether differences in inflammation are more pronounced at other time points. A previ-
ous study showed that Treg cells play a protective role against gastric inflammation by reducing
inflammation and ulceration in children [62]. In contrast, a study by Goll et al [63] suggested
that IL-10 produced by Treg cell contribute to the chronicity ofH. pylori infection. Work by Rad
et al. [64] showed that Treg cells have dual function in inhibiting gastric inflammation and facili-
tating bacterial colonization. Though inhibition of bacterial-induced inflammation is important
to reduce the extent of gastritis and ulcer formation, it is also important to clear the bacteria from
the system to inhibit chronic infection. This study further supports our previous findings in vitro
and showed thatH. pylorimediated modulation of B7-H1 expression in GEC causes an increased
Treg type response and validate the hypothesis that Treg induction aids the bacteria to survive in
the gastric mucosa and further demonstrated that the pathogen is using its T4SS components for
this mechanism. Taken together our studies showed for the first time howH. pylori use GEC as
mediators to manipulate local Treg cell response by using its T4SS components to aid inH. pylori
persistence. These findings have significant importance as they provide insights into theH. pylori
virulence factor involved in inhibiting host immune response and the underlying cell signaling
pathway involved in this mechanism. Both the virulence factors and cell signaling pathways in-
volved are potential targets to design a therapeutic or a vaccine to circumvent this highly preva-
lent human pathogen.

Supporting Information
S1 Fig. T4SS+H. pylori PMSS1 strain upregulates B7-H1 expression in GEC. N87 cells were
infected with PMSS1 strain (contains functional T4SS) or SS1 strain (lacks functional T4SS) at
10:1H. pylori:GEC ratio for 24-h and B7-H1 expression was measured by immunostaining fol-
lowed by flow cytometry. The data expressed as mean fluorescent intensity. Isotype control
value was subtracted from the data presented. N = 8,�P< 0.05, �� P< 0.01 and ��� P< 0.001.
(TIF)

Acknowledgments
We thank our technical assistant Ms. Yu Lin for her excellent assistance in performing the ani-
mal work. We also thank Ms. Sarah E. Hillman, Staff Assistant at Dr. Sharpe Laboratory, Har-
vard Medical School for assisting us with B7-H1-/- mice.

Author Contributions
Conceived and designed the experiments: TTL SA JH IVP VER. Performed the experiments:
TTL SA JH. Analyzed the data: TTL SA JH BAR IVP VER. Contributed reagents/materials/
analysis tools: AHS YY IVP VER. Wrote the paper: TTL IVP VER.

H. pylori T4SSModulation of B7-H1 and Treg Cells

PLOS ONE | DOI:10.1371/journal.pone.0121841 March 25, 2015 13 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0121841.s001


References
1. Parsonnet J, Hansen S, Rodriguez L, Gelb AB, Warnke RA, Jelum E, et al. (1994)Helicobacter pylori

infection and gastric lymphoma. N Engl J Med 330: 1267–1271. PMID: 8145781

2. Huang JQ, Sridhar S, Chen Y, Hunt RH (1998) Meta-analysis of the relationship betweenHelicobacter
pylori seropositivity and gastric cancer. Gastroenterology 114: 1169–1179. PMID: 9609753

3. Uemura N, Okamoto S, Yamamoto S, Matsumura N, Yamaguchi S, Yamakido M, et al. (2001) Helico-
bacter pylori infection and the development of gastric cancer. N Engl J Med 345: 784–789. PMID:
11556297

4. Rauws EA, Tytgat GN (1990) Cure of duodenal ulcer associated with eradication of Helicobacter pylori.
Lancet 335: 1233–1235. PMID: 1971318

5. Wu XC, Andrews P, Chen VW, Groves FD (2009) Incidence of extranodal non-Hodgkin lymphomas
among whites, blacks, and Asians/Pacific Islanders in the United States: anatomic site and histology
differences. Cancer Epidemiol 33: 337–346. doi: 10.1016/j.canep.2009.09.006 PMID: 19853554

6. Coghlan JG, Gilligan D, Humphries H, McKenna D, Dooley C, Sweeney E, et al. (1987)Campylobacter
pylori and recurrence of duodenal ulcers—a 12-month follow-up study. Lancet 2: 1109–1111. PMID:
2890019

7. Parsonnet J, Friedman GD, Vandersteen DP, Chang Y, Vogelman JH, Orenteicg N, et al. (1991) Heli-
cobacter pylori infection and the risk of gastric carcinoma. N Engl J Med 325: 1127–1131. PMID:
1891020

8. Blaser MJ, Crabtree JE (1996) CagA and the outcome of Helicobacter pylori infection. Am J Clin Pathol
106: 565–567. PMID: 8929462

9. Kuipers EJ, Perez-Perez GI, Meuwissen SG, Blaser MJ (1995)Helicobacter pylori and atrophic gastri-
tis: importance of the cagA status. J Natl Cancer Inst 87: 1777–1780. PMID: 7473834

10. Asahi M, Azuma T, Ito S, Ito Y, Suto H, Nagai Y, et al. (2000)Helicobacter pylori CagA protein can be
tyrosine phosphorylated in gastric epithelial cells. J Exp Med 191: 593–602. PMID: 10684851

11. Backert S, Selbach M (2008) Role of type IV secretion inHelicobacter pylori pathogenesis. Cell Micro-
biol 10: 1573–1581. doi: 10.1111/j.1462-5822.2008.01156.x PMID: 18410539

12. Higashi H, Tsutsumi R, Muto S, Sugiyama T, Azuma T, Asaka M, et al. (2002) SHP-2 tyrosine phospha-
tase as an intracellular target of Helicobacter pylori CagA protein. Science 295: 683–686. PMID:
11743164

13. Poppe M, Feller SM, Romer G, Wessler S (2007) Phosphorylation of Helicobacter pylori CagA by c-Abl
leads to cell motility. Oncogene 26: 3462–3472. PMID: 17160020

14. Franco AT, Israel DA, Washington MK, Krishna U, Fox JG, Rogers AB, et al. (2005) Activation of beta-
catenin by carcinogenic Helicobacter pylori. Proc Natl Acad Sci U S A 102: 10646–10651. PMID:
16027366

15. Mimuro H, Suzuki T, Nagai S, Rieder G, Suzuki M, Nagai T, et al. (2007)Helicobacter pylori dampens
gut epithelial self-renewal by inhibiting apoptosis, a bacterial strategy to enhance colonization of the
stomach. Cell Host Microbe 2: 250–263. PMID: 18005743

16. Allison CC, Kufer TA, Kremmer E, Kaparakis M, Ferrero RL (2009)Helicobacter pylori induces MAPK
phosphorylation and AP-1 activation via a NOD1-dependent mechanism. J Immunol 183: 8099–8109.
doi: 10.4049/jimmunol.0900664 PMID: 20007577

17. Viala J, Chaput C, Boneca IG, Cardona A, Girardin SE, Moran AP, et al. (2004) Nod1 responds to pepti-
doglycan delivered by theHelicobacter pylori cag pathogenicity island. Nat Immunol 5: 1166–1174.
PMID: 15489856

18. Watanabe T, Asano N, Kitani A, Fuss IJ, Chiba T, Strober W (2010) NOD1-Mediated Mucosal Host De-
fense against Helicobacter pylori. Int J Inflam 2010: 476482. doi: 10.4061/2010/476482 PMID:
21152124

19. Fan XJ, Chua A, Shahi CN, McDevitt J, Keeling PW, Kelleher D (1994) Gastric T lymphocyte responses
to Helicobacter pylori in patients with H pylori colonisation. Gut 35: 1379–1384. PMID: 7959191

20. Cover TL, Blanke SR (2005) Helicobacter pylori VacA, a paradigm for toxin multifunctionality. Nat Rev
Microbiol 3: 320–332. PMID: 15759043

21. Cheng HH, Tseng GY, Yang HB, Wang HJ, Lin HJ,WangWC (2012) Increased numbers of Foxp3-
positive regulatory T cells in gastritis, peptic ulcer and gastric adenocarcinoma. World J Gastroenterol
18: 34–43. doi: 10.3748/wjg.v18.i1.34 PMID: 22228968

22. Lundgren A, Suri-Payer E, Enarsson K, Svennerholm AM, Lundin BS (2003) Helicobacter pylori-specific
CD4+ CD25high regulatory T cells suppress memory T-cell responses toH. pylori in infected individuals.
Infect Immun 71: 1755–1762. PMID: 12654789

H. pylori T4SSModulation of B7-H1 and Treg Cells

PLOS ONE | DOI:10.1371/journal.pone.0121841 March 25, 2015 14 / 16

http://www.ncbi.nlm.nih.gov/pubmed/8145781
http://www.ncbi.nlm.nih.gov/pubmed/9609753
http://www.ncbi.nlm.nih.gov/pubmed/11556297
http://www.ncbi.nlm.nih.gov/pubmed/1971318
http://dx.doi.org/10.1016/j.canep.2009.09.006
http://www.ncbi.nlm.nih.gov/pubmed/19853554
http://www.ncbi.nlm.nih.gov/pubmed/2890019
http://www.ncbi.nlm.nih.gov/pubmed/1891020
http://www.ncbi.nlm.nih.gov/pubmed/8929462
http://www.ncbi.nlm.nih.gov/pubmed/7473834
http://www.ncbi.nlm.nih.gov/pubmed/10684851
http://dx.doi.org/10.1111/j.1462-5822.2008.01156.x
http://www.ncbi.nlm.nih.gov/pubmed/18410539
http://www.ncbi.nlm.nih.gov/pubmed/11743164
http://www.ncbi.nlm.nih.gov/pubmed/17160020
http://www.ncbi.nlm.nih.gov/pubmed/16027366
http://www.ncbi.nlm.nih.gov/pubmed/18005743
http://dx.doi.org/10.4049/jimmunol.0900664
http://www.ncbi.nlm.nih.gov/pubmed/20007577
http://www.ncbi.nlm.nih.gov/pubmed/15489856
http://dx.doi.org/10.4061/2010/476482
http://www.ncbi.nlm.nih.gov/pubmed/21152124
http://www.ncbi.nlm.nih.gov/pubmed/7959191
http://www.ncbi.nlm.nih.gov/pubmed/15759043
http://dx.doi.org/10.3748/wjg.v18.i1.34
http://www.ncbi.nlm.nih.gov/pubmed/22228968
http://www.ncbi.nlm.nih.gov/pubmed/12654789


23. Suarez G, Reyes VE, Beswick EJ (2006) Immune response to H. pylori. World J Gastroenterol 12:
5593–5598. PMID: 17007009

24. Das S, Suarez G, Beswick EJ, Sierra JC, GrahamDY, Reyes VE (2006) Expression of B7-H1 on gastric
epithelial cells: its potential role in regulating T cells duringHelicobacter pylori infection. J Immunol
176: 3000–3009. PMID: 16493058

25. Beswick EJ, Pinchuk IV, Das S, Powell DW, Reyes VE (2007) Expression of the programmed death li-
gand 1, B7-H1, on gastric epithelial cells after Helicobacter pylori exposure promotes development of
CD4+ CD25+ FoxP3+ regulatory T cells. Infect Immun 75: 4334–4341. PMID: 17562772

26. Whitehead RH, Robinson PS (2009) Establishment of conditionally immortalized epithelial cell lines
from the intestinal tissue of adult normal and transgenic mice. Am J Physiol Gastrointest Liver Physiol
296: G455-460. doi: 10.1152/ajpgi.90381.2008 PMID: 19109407

27. Beswick EJ, Pinchuk IV, Suarez G, Sierra JC, Reyes VE (2006) Helicobacter pylori CagA-dependent
macrophagemigration inhibitory factor produced by gastric epithelial cells binds to CD74 and stimu-
lates procarcinogenic events. J Immunol 176: 6794–6801. PMID: 16709839

28. Lina TT, Pinchuk IV, House J, Yamaoka Y, GrahamDY, Beswick EJ, et al. (2013) CagA-Dependent
Downregulation of B7-H2 Expression on Gastric Mucosa and Inhibition of Th17 Responses duringHeli-
cobacter pylori Infection. J Immunol 191: 3838–3846. doi: 10.4049/jimmunol.1300524 PMID:
23997227

29. Arnold IC, Lee JY, Amieva MR, Roers A, Flavell RA, Sparwasser T, et al. (2011) Tolerance rather than
immunity protects from Helicobacter pylori-induced gastric preneoplasia. Gastroenterology 140:
199–209. doi: 10.1053/j.gastro.2010.06.047 PMID: 20600031

30. Latchman YE, Liang SC, Wu Y, Chernova T, Sobel RA, KlemmM, et al. (2004) PD-L1-deficient mice
show that PD-L1 on T cells, antigen-presenting cells, and host tissues negatively regulates T cells.
Proc Natl Acad Sci U S A 101: 10691–10696. PMID: 15249675

31. Roussel Y, Harris A, Lee MH, Wilks M (2007) Novel methods of quantitative real-time PCR data analy-
sis in a murineHelicobacter pylori vaccine model. Vaccine 25: 2919–2929. PMID: 16905224

32. Dixon MF, Genta RM, Yardley JH, Correa P (1996) Classification and grading of gastritis. The updated
Sydney System. International Workshop on the Histopathology of Gastritis, Houston 1994. Am J Surg
Pathol 20: 1161–1181. PMID: 8827022

33. Rieder G, Fischer W, Haas R (2005) Interaction of Helicobacter pylori with host cells: function of secret-
ed and translocated molecules. Curr Opin Microbiol 8: 67–73. PMID: 15694859

34. Kusters JG, van Vliet AH, Kuipers EJ (2006) Pathogenesis of Helicobacter pylori infection. Clin Micro-
biol Rev 19: 449–490. PMID: 16847081

35. Churin Y, Al-Ghoul L, Kepp O, Meyer TF, Birchmeier W, NaumannM (2003) Helicobacter pylori CagA
protein targets the c-Met receptor and enhances the motogenic response. J Cell Biol 161: 249–255.
PMID: 12719469

36. Lee KS, Kalantzis A, Jackson CB, O'Connor L, Murata-Kamiya N, Hatakeyama M, et al. (2012) Helico-
bacter pylori CagA triggers expression of the bactericidal lectin REG3gamma via gastric STAT3 activa-
tion. PLoS One 7: e30786. doi: 10.1371/journal.pone.0030786 PMID: 22312430

37. Li SP, Chen XJ, Sun AH, Zhao JF, Yan J (2010) CagA(+) H. pylori induces Akt1 phosphorylation and in-
hibits transcription of p21(WAF1/CIP1) and p27(KIP1) via PI3K/Akt1 pathway. Biomed Environ Sci 23:
273–278. doi: 10.1016/S0895-3988(10)60063-3 PMID: 20934114

38. Chen G, ShawMH, Kim YG, Nunez G (2009) NOD-like receptors: role in innate immunity and inflamma-
tory disease. Annu Rev Pathol 4: 365–398. doi: 10.1146/annurev.pathol.4.110807.092239 PMID:
18928408

39. Higashi H, Nakaya A, Tsutsumi R, Yokoyama K, Fujii Y, Ishikawa S, et al. (2004)Helicobacter pylori
CagA induces Ras-independent morphogenetic response through SHP-2 recruitment and activation. J
Biol Chem 279: 17205–17216. PMID: 14963045

40. Mimuro H, Suzuki T, Tanaka J, Asahi M, Haas R, Sasakawa C (2002) Grb2 is a key mediator of Helico-
bacter pylori CagA protein activities. Mol Cell 10: 745–755. PMID: 12419219

41. Suzuki M, Mimuro H, Suzuki T, Park M, Yamamoto T, Sasakawa C (2005) Interaction of CagA with Crk
plays an important role inHelicobacter pylori-induced loss of gastric epithelial cell adhesion. J Exp Med
202: 1235–1247. PMID: 16275761

42. Tsutsumi R, Higashi H, Higuchi M, Okada M, Hatakeyama M (2003) Attenuation of Helicobacter pylori
CagA x SHP-2 signaling by interaction between CagA and C-terminal Src kinase. J Biol Chem 278:
3664–3670. PMID: 12446738

43. Crabtree JE, Ferrero RL, Kusters JG (2002) The mouse colonizingHelicobacter pylori strain SS1 may
lack a functional cag pathogenicity island. Helicobacter 7: 139–140; author reply 140–131. PMID:
11966874

H. pylori T4SSModulation of B7-H1 and Treg Cells

PLOS ONE | DOI:10.1371/journal.pone.0121841 March 25, 2015 15 / 16

http://www.ncbi.nlm.nih.gov/pubmed/17007009
http://www.ncbi.nlm.nih.gov/pubmed/16493058
http://www.ncbi.nlm.nih.gov/pubmed/17562772
http://dx.doi.org/10.1152/ajpgi.90381.2008
http://www.ncbi.nlm.nih.gov/pubmed/19109407
http://www.ncbi.nlm.nih.gov/pubmed/16709839
http://dx.doi.org/10.4049/jimmunol.1300524
http://www.ncbi.nlm.nih.gov/pubmed/23997227
http://dx.doi.org/10.1053/j.gastro.2010.06.047
http://www.ncbi.nlm.nih.gov/pubmed/20600031
http://www.ncbi.nlm.nih.gov/pubmed/15249675
http://www.ncbi.nlm.nih.gov/pubmed/16905224
http://www.ncbi.nlm.nih.gov/pubmed/8827022
http://www.ncbi.nlm.nih.gov/pubmed/15694859
http://www.ncbi.nlm.nih.gov/pubmed/16847081
http://www.ncbi.nlm.nih.gov/pubmed/12719469
http://dx.doi.org/10.1371/journal.pone.0030786
http://www.ncbi.nlm.nih.gov/pubmed/22312430
http://dx.doi.org/10.1016/S0895-3988(10)60063-3
http://www.ncbi.nlm.nih.gov/pubmed/20934114
http://dx.doi.org/10.1146/annurev.pathol.4.110807.092239
http://www.ncbi.nlm.nih.gov/pubmed/18928408
http://www.ncbi.nlm.nih.gov/pubmed/14963045
http://www.ncbi.nlm.nih.gov/pubmed/12419219
http://www.ncbi.nlm.nih.gov/pubmed/16275761
http://www.ncbi.nlm.nih.gov/pubmed/12446738
http://www.ncbi.nlm.nih.gov/pubmed/11966874


44. Berstad AE, Kilian M, Valnes KN, Brandtzaeg P (1999) Increased mucosal production of monomeric
IgA1 but no IgA1 protease activity in Helicobacter pylori gastritis. Am J Pathol 155: 1097–1104. PMID:
10514392

45. D'Elios MM, Manghetti M, De Carli M, Costa F, Baldari CT, Burroni D, et al. (1997) T helper 1 effector
cells specific for Helicobacter pylori in the gastric antrum of patients with peptic ulcer disease. J Immu-
nol 158: 962–967. PMID: 8993017

46. Lucas B, Bumann D, Walduck A, Koesling J, Develioglu L, Meyer TF, et al. (2001) Adoptive transfer of
CD4+ T cells specific for subunit A of Helicobacter pylori urease reducesH. pylori stomach colonization
in mice in the absence of interleukin-4 (IL-4)/IL-13 receptor signaling. Infect Immun 69: 1714–1721.
PMID: 11179348

47. Lundgren A, Stromberg E, Sjoling A, Lindholm C, Enarsson K, Edebo A, et al. (2005) Mucosal FOXP3-
expressing CD4+ CD25high regulatory T cells in Helicobacter pylori-infected patients. Infect Immun
73: 523–531. PMID: 15618192

48. Dong H, Zhu G, Tamada K, Chen L (1999) B7-H1, a third member of the B7 family, co-stimulates T-cell
proliferation and interleukin-10 secretion. Nat Med 5: 1365–1369. PMID: 10581077

49. Freeman GJ, Long AJ, Iwai Y, Bourque K, Chernova T, Nishimura H, et al. (2000) Engagement of the
PD-1 immunoinhibitory receptor by a novel B7 family member leads to negative regulation of lympho-
cyte activation. J Exp Med 192: 1027–1034. PMID: 11015443

50. Wang S, Chen L (2004) T lymphocyte co-signaling pathways of the B7-CD28 family. Cell Mol Immunol
1: 37–42. PMID: 16212919

51. Dong H, Strome SE, Salomao DR, Tamura H, Hirano F, Flies DB, et al. (2002) Tumor-associated B7-
H1 promotes T-cell apoptosis: a potential mechanism of immune evasion. Nat Med 8: 793–800. PMID:
12091876

52. Groeger S, Domann E, Gonzales JR, Chakraborty T, Meyle J (2011) B7-H1 and B7-DC receptors of
oral squamous carcinoma cells are upregulated by Porphyromonas gingivalis. Immunobiology 216:
1302–1310. doi: 10.1016/j.imbio.2011.05.005 PMID: 21723642

53. Chen L, Zhang Z, ChenW, Li Y, Shi M, Zhang J, et al. (2007) B7-H1 up-regulation on myeloid dendritic
cells significantly suppresses T cell immune function in patients with chronic hepatitis B. J Immunol
178: 6634–6641. PMID: 17475895

54. Wang G, Lo LF, Forsberg LS, Maier RJ (2012) Helicobacter pylori peptidoglycan modifications confer
lysozyme resistance and contribute to survival in the host. MBio 3: e00409-00412. doi: 10.1128/mBio.
00409-12 PMID: 23221800

55. Keates S, Keates AC, Warny M, Peek RM Jr., Murray PG, Kelley CP (1999) Differential activation of mi-
togen-activated protein kinases in AGS gastric epithelial cells by cag+ and cag- Helicobacter pylori. J
Immunol 163: 5552–5559. PMID: 10553083

56. Lee JC, Laydon JT, McDonnell PC, Gallagher TF, Kumar S, Green D, et al. (1994) A protein kinase in-
volved in the regulation of inflammatory cytokine biosynthesis. Nature 372: 739–746. PMID: 7997261

57. Belkaid Y (2007) Regulatory T cells and infection: a dangerous necessity. Nat Rev Immunol 7: 875–
888. PMID: 17948021

58. McGeachy MJ, Anderton SM (2005) Cytokines in the induction and resolution of experimental autoim-
mune encephalomyelitis. Cytokine 32: 81–84. PMID: 16153854

59. Krupnick AS, Gelman AE, Barchet W, Richardson S, Kreisel FH, Turka LA, et al. (2005) Murine vascu-
lar endothelium activates and induces the generation of allogeneic CD4+25+Foxp3+ regulatory T cells.
J Immunol 175: 6265–6270. PMID: 16272276

60. Francisco LM, Salinas VH, Brown KE, Vanguri VK, Freeman GJ, Kuchroo VK, et al. (2009) PD-L1 regu-
lates the development, maintenance, and function of induced regulatory T cells. J Exp Med 206:
3015–3029. doi: 10.1084/jem.20090847 PMID: 20008522

61. Suri-Payer E, Cantor H (2001) Differential cytokine requirements for regulation of autoimmune gastritis
and colitis by CD4(+)CD25(+) T cells. J Autoimmun 16: 115–123. PMID: 11247637

62. Harris PR, Wright SW, Serrano C, Riera F, Duarte I, Torres J, et al. (2008)Helicobacter pylori gastritis
in children is associated with a regulatory T-cell response. Gastroenterology 134: 491–499. doi: 10.
1053/j.gastro.2007.11.006 PMID: 18242215

63. Goll R, Gruber F, Olsen T, Cui G, Raschpichler G, Buset M, et al. (2007) Helicobacter pylori stimulates
a mixed adaptive immune response with a strong T-regulatory component in human gastric mucosa.
Helicobacter 12: 185–192. PMID: 17492997

64. Rad R, Brenner L, Bauer S, Schwendy S, Layland L, da Costa CP, et al. (2006) CD25+/Foxp3+ T cells
regulate gastric inflammation and Helicobacter pylori colonization in vivo. Gastroenterology 131:
525–537. PMID: 16890606

H. pylori T4SSModulation of B7-H1 and Treg Cells

PLOS ONE | DOI:10.1371/journal.pone.0121841 March 25, 2015 16 / 16

http://www.ncbi.nlm.nih.gov/pubmed/10514392
http://www.ncbi.nlm.nih.gov/pubmed/8993017
http://www.ncbi.nlm.nih.gov/pubmed/11179348
http://www.ncbi.nlm.nih.gov/pubmed/15618192
http://www.ncbi.nlm.nih.gov/pubmed/10581077
http://www.ncbi.nlm.nih.gov/pubmed/11015443
http://www.ncbi.nlm.nih.gov/pubmed/16212919
http://www.ncbi.nlm.nih.gov/pubmed/12091876
http://dx.doi.org/10.1016/j.imbio.2011.05.005
http://www.ncbi.nlm.nih.gov/pubmed/21723642
http://www.ncbi.nlm.nih.gov/pubmed/17475895
http://dx.doi.org/10.1128/mBio.00409-12
http://dx.doi.org/10.1128/mBio.00409-12
http://www.ncbi.nlm.nih.gov/pubmed/23221800
http://www.ncbi.nlm.nih.gov/pubmed/10553083
http://www.ncbi.nlm.nih.gov/pubmed/7997261
http://www.ncbi.nlm.nih.gov/pubmed/17948021
http://www.ncbi.nlm.nih.gov/pubmed/16153854
http://www.ncbi.nlm.nih.gov/pubmed/16272276
http://dx.doi.org/10.1084/jem.20090847
http://www.ncbi.nlm.nih.gov/pubmed/20008522
http://www.ncbi.nlm.nih.gov/pubmed/11247637
http://dx.doi.org/10.1053/j.gastro.2007.11.006
http://dx.doi.org/10.1053/j.gastro.2007.11.006
http://www.ncbi.nlm.nih.gov/pubmed/18242215
http://www.ncbi.nlm.nih.gov/pubmed/17492997
http://www.ncbi.nlm.nih.gov/pubmed/16890606

